Background : The gene infB encodes the prokaryotic translation initiation factor IF2, a central macromolecular component in the formation of the ribosomal 70S initiation complex. In Escherichia coli , infB encodes three forms of IF2: IF2 α α α α , IF2 β β β β and IF2 γ γ γ γ . The expression of IF2 β β β β and IF2 γ γ γ γ is a tandem translation from intact infB mRNA and not merely a translation of post-transcriptionally truncated mRNA. The molecular mechanism responsible for the ribosomal recognition of the two intracistronic translation initiation sites in E. coli infB is not well characterized.
Introduction
Bacterial translation initiation factor IF2 ensures the correct binding of fMet-tRNA fMet to the P-site of the 30S ribosomal subunit during translation initiation. Subsequently, the 50S ribosomal subunit joins the 30S initiation complex aided by IF2. GTP bound to the factor hydrolyses in a ribosome-dependent reaction. IF2 is then released from the ribosome, leaving fMet-tRNA fMet in the ribosomal P-site (for review see Ramakrishnan 2002; Gualerzi et al . 2000; Moreno et al . 2000) . In Escherichia coli , the infB gene encodes three forms of IF2: IF2 α , -β and -γ , of molecular weights 97.3 kDa, 79.9 kDa and 78.8 kDa respectively ). According to the recently proposed nomenclature (IUBMB 1996) , the three forms should be named IF2-1, IF2-2 and IF2-3, respectively. However the old nomenclature is used here for ease of reference. IF2 α and IF2 β / γ are essential forms of IF2 and the presence of both the large and smaller forms is required for the optimal growth of E. coli . The cellular content of IF2 β and -γ is close to the level of IF2 α (Howe & Hershey 1983; Sacerdot et al . 1992) . We have previously shown that the expression in E. coli of IF2 β and IF2 γ is by tandem translation of intact infB mRNA, and not translation products of post-transcriptionally truncated mRNA. Hence, the resulting polypeptides have identical C-terminals (Mortensen et al . 1995) . It is not well understood how the ribosomal subunits get access to the intracistronic initiation sites on the mRNA and bind there, simultaneously while translating ribosomes are advancing from the upstream α -initiation site. In E. coli a number of codons with corresponding low titre tRNAs in the cell are found upstream of the intracistronic initiation codons (we refer to these low titre tRNAs as rare codons). These rare codons have been suggested to stall the elongating ribosomes, thus facilitating the intracistronic initiation (Sacerdot et al . 1984 (Sacerdot et al . , 1992 . The molecular mechanism of the ribosomal recognition of the two intracistronic translation initiation sites in E. coli infB is not understood, since the respective putative Shine-Dalgarno (SD) and downstream box (DB) sequences are relatively weak (Gold 1988; Sacerdot et al . 1984) .
Based on the alignments of sequences from bacterial, archaeal and eukaryal organisms, IF2 can be divided into a variable N-terminal part and a conserved C-terminal part (Moreno et al . 2000; Sørensen et al . 2001) . We have proposed a six-domain structural model for E. coli IF2, in which the variable part corresponds to the N-terminal domains I, II and III, while the conserved part is the C-terminal domains IV, V and VI (Moreno et al . 2000; Mortensen et al . 1998) . The N-terminal regions of E. coli IF2 β and IF2 γ (domain II) are thus located in the variable region. However, in a study of the sequence variation of IF2 within clinical E. coli isolates we found that the inter-species variable N-terminal part is completely conserved intra-species. This indicates that there is a specific, although thus far, not fully characterized function of the N-terminal part of IF2 (Steffensen et al . 1997) . It is known, however, that domain II is involved in the recognition of the ribosome (Moreno et al . 1999) .
The phenomenon of in-phase translation of two or more proteins from the same cistron is found in viruses and bacterio-phage systems, but rarely in bacteria in which only a few cases including infB have been reported Squires et al . 1991; Ross et al . 1989; Plumbridge et al . 1985; Howe & Hershey 1984; Smith & Parkinson 1980) . Bacillus subtilis is the only organism not belonging to Enterobacteriaceae for which the tandem translation of infB has been demonstrated (Hubert et al . 1992) . Therefore, we have identified the intracistronic translation initiation sites in the infB gene in five species related to E. coli from the family Enterobacteriaceae , namely Salmonella typhimurium , Salmonella enterica , Klebsiella oxytoca , Enterobacter cloacae and Proteus vulgaris . The aim is to understand the phenomenon of intracistronic initiation in molecular details. We propose features that may be the structural basis of the intriguing process of tandem translation in the infB gene. This is based on an identification of intracistronic translation initiation sites, analysis and comparison of bacterial sequences available from public databases, as well as mRNA secondary structure prediction and probing.
Results

Identification of intracistronic translation initiation sites
The isoforms of IF2 from Enterobacter cloacae , Klebsiella oxytoca , Salmonella enterica , Salmonella typhimurium and Proteus vulgaris were partially purified by a two-step chromatographic procedure followed by SDS-PAGE and Western immunoblotting. This revealed three different forms of IF2, as exemplified for K. oxytoca (Fig. 1 ) in all the studied species with the exception of P. vulgaris where only two forms were present.
IF2 β and IF2 γ from S. enterica and S. typhimurium were N-terminal sequenced by Edman degradation. The Nterminal sequence of these proteins corresponds to the expected intracistronic initiation sites (Fig. 2) . Figure 2 shows an alignment of the identified intracistronic translation initiation sites at the nucleotide level. The initiation sites for E. cloacae , K. oxytoca , P. vulgaris and Yersinia Summary Figure Schematic view of the translation process of infB mRNA. The 5′-end of the infB mRNA preceding the intracistronic translation initiation codon(s) has a number of rare codons. This stalls the translation in this region of the mRNA, providing space for the ribosomes to initiate at the intracistronic initiation site(s). The region around the intracistronic sites(s) has a high content of adenine and a low content of uracil. This leads to an open single-stranded structure of the mRNA in the region, which is a necessity for the intracistronic translation initiation of the infB gene.
pestis are identified based on sequence alignment. These results show that the coexistence of both a β-and γ-form of IF2 is not an isolated phenomenon only found in E. coli, but seems to have evolved from a common ancestor, at least for the enterobacterial species studied.
The nucleotide sequences of all six species reveal a GUG codon at the β-initiation site, as was earlier found in E. coli and B. subtilis. Furthermore, a second intracistronic initiation site (ATG) was found in S. typhimurium, S. enterica, K. oxytoca and E. cloacae but not in P. vulgaris and Y. pestis (Fig. 2) . This has previously only been seen in E. coli.
Increased ratio of adenine to thymine in the 5′ ′ ′ ′-end of different infB genes A striking feature of the 5′-terminal region in the coding strand (approximately 500 nucleotides) is a very high frequency of adenine (A) and a corresponding low frequency of thymine (T). The content of A and T is illustrated in Fig. 3 , showing a maximum ratio of A to T in the region covering the intracistronic translation initiation sites. The guanine (G) and cytosine (C) contents are ≈ 25% throughout the gene (not shown). Consequently, the secondary structure of the mRNA has a decreased stability in the region around the intracistronic initiation sites. This feature is common to the seven enterobacterial species studied in this paper. An mRNA with the observed base composition is predicted to form G + C rich double-stranded regions with intermediate single-stranded A rich regions.
It is difficult to predict what possible effects the observed increase in the ratio of A to T has on the doublestranded DNA. However, since the melting temperature of the DNA in this region is the same as for the rest of the gene, we believe that the phenomenon is not related to transcription.
Analysis of mRNA secondary structure of the intracistronic initiation regions
The mRNA secondary structure is predicted to consist Figure 1 Western immunoblot of fractions of partially purified K. oxytoca IF2. The proteins were purified essentially as described in Nyengaard et al. (1991) . Three forms of IF2 with the same elution pattern as for E. coli can be observed. IF2β elutes in fractions 1-4, IF2γ elutes in fractions 6 -7 and IF2α elutes in fractions 7-9.
Figure 2 Alignment of the studied mRNA sequences in the regions containing the intracistronic β (GUG) and γ (AUG) initiation sites. The putative SD (double underlined) and DB (underlined) sequences are marked for the β-and γ-initiation site in (A) and (B), respectively. The 16S rRNA sequences of the different species were used to identify the SD and DB sequences. EMBL Gene Sequence Data Bank accession numbers: E. cloacae AJ002736, E. coli NC000913, S. enterica NC003385, S. typhimurium AJ002552, K. oxytoca AJ002735, Y. pestis NC003143, P. vulgaris AJ002737 and B. subtilis NC000964.
of alternating G + C rich double-stranded regions and A-rich single-stranded regions when analysed as described in Experimental procedures. The single-stranded regions are especially seen around the intracistronic initiation sites, where the adenine to uracil (U) ratio is highest.
Hence, the intracistronic initiation sites are exposed at the most unstructured region. Predictions of mRNA structure using enterobacterial infB sequences show an open structure, as exemplified with E. coli in Fig. 5 (top) . This open region consists of ≈ 50 nucleotides in E. coli, 
E. cloacae, K. oxytoca, S. enterica, S. typhmuirum and Y.
pestis, whereas it is only 38 nucleotides in P. vulgaris (not shown). It is noted that a single-stranded structure is conserved in infB from P. vulgaris, despite a substantial sequence divergence in this region of the mRNA as compared to the other species.
To experimentally verify the secondary structure predictions, two fragments of E. coli mRNA were prepared in vitro as described in the Experimental procedures. Fragment I covers the intracistronic initiation sites (Fig. 4) and corresponds to the shortest mRNA fragment that shows the same folding pattern as the full length mRNA in secondary structure prediction analyses. Fragment II is located in the 3′ end of the mRNA and serves as a control to verify that this region has a higher degree of secondary structure.
Fragment I was subjected to enzymatic probing by the single strand specific RNases T 1 and T 2 and the double strand specific RNase V 1 followed by primer extension analysis of the resulting fragments (Fig. 5) . Strong evidence for the presence of a single-stranded stretch of nucleotides with a small hairpin around the β-initiation site was found. Note that the V 1 nuclease used may have additional single-stranded activity (Kjems et al. 1998) . Hence, cuts observed with both RNase V 1 and a singlestrand specific RNase were concluded to occur at an mRNA position that is in a single-stranded conformation.
Primer extension inhibition (PEI) analyses were performed on fragment I to test if the secondary structure interactions were strong enough to stop the progressing reverse transcriptase (RT) (Fig. 5) . It can be seen that the RT indeed makes significant stops at the hairpin near the β-initiation site and at the hairpins further downstream (Fig. 5 ). The addition of IF2α and IF2β proteins allows the RT to proceed through the first three stops near the β-initiation site, but causes a more significant stop around position 510. Addition of the N-terminal deletion mutant IF2∆(1-290) to the RT inhibition assay does not cause any significant difference.
PEI analyses of mRNA fragment II (Fig. 6 ) show stronger and a greater number of stops by the RT. No effect of IF2 addition can be detected. Note that the strong stops (marked) correspond to positions where the RT is passing from a bulge to a basepaired region that starts with a GC basepair (not shown).
When comparing the predictions of the enterobacterial intracistronic initiation regions with the structure predictions of the complete infB mRNAs (not shown), it is apparent that unstructured regions of this size indicate unique features only found at this location of the mRNA. This is the most significant structural feature of the mRNA that may distinguish the intracistronic initiation codons from other intracistronic AUG/GUG codons.
The 5′-end of infB from B. subtilis has no obvious sequence homology with the enterobacterial infB. Nevertheless, B. subtilis infB shows a corresponding increased ratio of A to T (Fig. 3) resulting in an exposure of the intracistronic initiation region in a predicted single-stranded mRNA structure, as seen in the enterobacterial infB.
Discussion
We have identified the intracistronic translation sites of the infB gene from five different enterobacterial organisms by N-terminal sequencing and sequence alignment methods, in order to investigate the mechanism of the The two boxed areas were cloned and the resulting mRNAs were analysed in vitro (Figs 5 and 6, respectively) . Fragment I has a high ratio of A to U and a predicted weak secondary structure. Fragment II has an approximately equal content of A and U and consequently a predicted higher order secondary structure than fragment I. Therefore, fragment II was used as a control for comparison with fragment I. Bottom: Schematic view of the fragments of IF2 protein used in the PEI assays. special phenomenon: tandem translation from intracistronic initiation sites in bacterial organisms.
At the nucleotide level, the GUG codon of the β-initiation site found in E. coli (Plumbridge et al. 1985) is conserved in all the species studied, i.e. E. coli, E. cloacae, K. oxytoca, S. enterica, S. typhimurium, P. vulgaris, Y. pestis, and the more distantly related B. subtilis. This indicates that the tandem translation of infB is a common phenomenon among members of Enterobacteriaceae. Furthermore, a second intracistronic initiation site (AUG) is conserved in the five most closely related organisms but not in B. subtilis, P. vulgaris or Y. pestis.
Mechanism of intracistronic translation initiation
The number of possible SD nucleotides preceding the intracistronic initiation codons is between three and four in the enterobacterial sequences (Fig. 2) . Thus, the SD sequences themselves are to weak to explain the initiation from these codons. Furthermore, the efficiency of the GUG β initiation codon is lower than the AUG α initiation codon. Regarding the possible influence of a downstream box on the intracistronic initiation, a conservation of 7-9 nucleotides downstream from the initiation codon was found to be complementary to the enterobacterial 16S rRNA, as shown in Fig. 2 . This has been described as a minimal and typical RNA interaction for weakly expressed genes in E. coli (Sprengart et al. 1996) . Recently, the significance of the DB sequence with respect to basepairing to the 16S rRNA has been questioned (Blasi et al. 1999; Etchegaray & Inouye 1999; Gualerzi et al. 2000; La Teana et al. 2000; Moll et al. 2001; O'Connor et al. 1999) . Furthermore, mutations in the infB α-initiation site to generate optimal complementarity to the putative anti-DB of the 16S rRNA do not significantly change the degree of expression (Dyrskjøt Andersen, unpublished results). Therefore, it is unlikely that a downstream box interaction with the ribosome is responsible for the observed efficient recognition of these initiation sites. No complementarity of infB mRNA around the intracistronic initiation regions to the ribosomal16S rRNA was found (not shown). Thus, other elements must contribute to the ribosomal binding at the intracistronic initiation sites.
Here, we demonstrate a striking structural feature. A high frequency of A and a corresponding low frequency of T in the coding strand of the enterobacterial infB genes, with a significant maximum of the A to T ratio in the region surrounding the intracistronic initiation sites. We propose that this unusual base composition facilitates intracistronic initiation at the β-GUG and γ-AUG codons by the formation of a single-stranded region in the mRNA for ribosomal attachment. The ribosome is unable to bind double-stranded mRNA as demonstrated for the initiation of the MS2 coat gene (de Smit & van Duin 1990; Gold 1988) . The approximately 500 nucleotides with a high A to U ratio are largely more than needed for ribosomal binding to the mRNA (30 -50 nucleotides). However, a low content of U on both sides of the intracistronic initiation sites is needed to hinder otherwise normally occurring long-range intramolecular basepairings involving the A-rich ribosomal binding site.
We observe that when adding IF2α and IF2β to the PEI assays some stops made by the progressing RT disappear near the β-initiation site (Fig. 5) , and that a stronger stop occurs ≈ 20 nucleotides downstream of the γ-initiation site. This effect was not observed when adding the N-terminal truncated IF2 fragment lacking the first two domains. This suggests that the first two domains of IF2 cause a local melting of the secondary structure of its own mRNA near the β-initiation site. Furthermore, it suggests that these two domains either bind to the mRNA or cause a structural change 20 nucleotides downstream from the γ-initiation site. Hence, the N-terminal of IF2 seems to play a special role in the intracistronic translation initiation events of the infB mRNA.
The tandem translation of bacterial genes is a phenomenon only reported earlier for few genes including infB and cheA Smith & Parkinson 1980) . In order to examine whether the described mRNA structure is coupled to intracistronic initiation in bacteria in general, the cheA gene in E. coli was examined for a possible high ratio between A and T and an open mRNA structure around the intracistronic start codon (AUG). No increased ratio between A and T was observed, but the intracistronic initiation codon is located in a predicted single-stranded mRNA region of 18 nucleotides. This shorter single-stranded mRNA region of cheA as compared to the experimentally determined single-stranded part of infB, is compensated for by a strong SD sequence. The structural features surrounding the intracistronic initiation sites therefore differ for these two genes.
A survey of the base frequency of a large number of E. coli genes, including genes encoding proteins involved in protein biosynthesis, did not reveal any increase in the ratio between A and T similar to that seen in infB. An elevated A to T ratio is not seen in infB near the α-initiation site either, therefore this phenomenon appears to be exclusively connected to intracistronic translation initiation in infB.
Besides the accessibility to the start codon in an open structure, another aspect of the ribosomal accessibility to the mRNA is how the elongating ribosomes that approach from the upstream α-initiation site avoid blocking the intracistronic initiation site. The region upstream from the β-initiation site harbours a number of rare codons and is expected to be less efficiently translated than the rest of infB (Plumbridge et al. 1985) . Therefore, the rare codons could function by stalling the elongating ribosomes, allowing a new 30S ribosomal subunit to bind and initiate at the intracistronic initiation site. A similar distribution of rare codons is also found in the other enterobacterial sequences studied, although the specific rarer codons are not well conserved between the species. We do not believe that mutational analyses of the effect of the rare codons or the ratio of A to U in the mRNA will provide a new insight to the understanding of intracistronic initiation, since the number of mutations needed in one mRNA will be considerable and may thus distort the native mRNA folding. Hence, an effect cannot be directly attributed to a high A to U ratio or to the number of rare codons. Multiple sequence alignments and analyses of the ratio of A to T in all publicly available bacterial infB genes (not shown) does, with the exception of B. subtilis, not give any evidence of the phenomenon of intracistronic translation initiation outside the Enterobacteriaceae. Some organisms, as for example Aquifex aeolicus, Haemophilus influenza and Staphylococcus aureus do indeed show an increased ratio of A to T in the 5′ regions of the infB mRNA (not shown) but do not have any significant homology to any of the infB mRNAs showing tandem translation.
In conclusion, we suggest that efficient intracistronic translation initiation requires mRNA with an open singlestranded structure at the ribosomal binding region and rare codons upstream from the intracistronic initiation site. Both requirements are fulfilled by the nucleotide composition found in the infB genes exhibiting tandem translation.
Experimental procedures
Bacterial strains
S. typhimurium JEO14 was of type LT2 and provided by the John Elmerdahl Olsen Collection, Institute of Veterinary Microbiology, The Royal Veterinary and Agricultural University, Copenhagen. S. enterica SenAU9603 was of human origin, and K. oxytoca KoxAU9501 and E. cloacae EclAU9501 were from a faecal sample from a Thai elephant were isolated at the Department of Clinical Microbiology, Aalborg Hospital, Denmark. P. vulgaris PvuAU9201 was a wild-type strain provided by The Royal Veterinary and Agricultural University, Copenhagen.
IF2β β β β and IF2γ γ γ γ purification and N-terminal sequencing
IF2β and IF2γ were purified from approximately 20 g of cells, essentially as described in Nyengaard et al. (1991) , by capturing the protein on Q Sepharose Fast Flow media (Amersham Biosciences) followed by the separation of IF2β and IF2γ on a Mono S HR 5/5 column (Amersham Biosciences). The fractions were then precipitated by the addition of three volumes of cold 96% ethanol. The pellets were dissolved and electrophoresed in a standard 10% SDS-PAGE followed by Western immunoblotting using the antibodies as described in Mortensen et al. (1998) .
For N-terminal sequencing, proteins in the gel were electroblotted on to a PVDF membrane and IF2β and IF2γ bands were cut out. The aminoterminus was sequenced using automated Edman degradation carried out in an Applied Biosystems 477A automated protein sequencer with an on-line analysis of the phenylthiohydantion using an Applied Biosystems 120A HPLC.
Preparation of messenger RNA
Fragment I (nucleotides 405 -876) and fragment II (nucleotides 2016 -2673) of the infB gene from E. coli were amplified by PCR and inserted into the pGEM-3z vector (Promega) harbouring the SP6 promoter. The resulting plasmids were digested with EcoRI and run off transcription was carried out with SP6 RNA polymerase according to the manufacturer's protocol (Promega). The RNA was extracted with one volume of phenol : chloroform : isoamyl alcohol (PCI) 25 : 24 : 1 followed by extraction with one volume of chloroform : isoamyl alcohol (24 : 1) and then precipitated with 0.5 volume of 7.5 m acetate and 2.5 volumes of 96% ethanol.
Enzymatic probing
For each enzymatic probing reaction 10 pmoles of RNA was renatured in 20 µL buffer (70 mm HEPES-KOH, pH 7.8, 10 mm MgCl 2 , 270 mm KCl) by heating to 90 °C for 1 min, 60 °C for 15 min and slowly decreasing the temperature to 30 °C over a 15-min period. The solutions were transferred to ice and RNases added (0.03 UV1 (Amersham biosciences), 0.1 UT1 or 0.01 UT2 (Roche). After 30 min incubation the reactions were stopped by PCI extraction and precipitation (as described in preparation of mRNA). The resulting pellets were dissolved in 5 µL RNase free H 2 O and analysed by PEI analysis.
Primer extension inhibition (PEI) analysis
Oligonucleotide primers were 5′-end-labelled with 32 P using T4 polynucleotide kinase (Roche) to a specific activity of 3000 Ci/ mmol, according to the manufacturer's protocol.
The primers used had the sequence 5′-CTCTGCAGCTTC-CTGCT-3′ for analysis of mRNA fragment I and 5′-CCGCAT-GGAATTCTATTAAGCAATGGTACGTTGG-3′ for fragment II, the latter being the same as that used for cloning the fragment into the pGEM-3z vector.
1.5 pmoles of the labelled primer was annealed to the RNA by incubating 3 min at 65 °C, 20 min at 50 °C and 10 min at 40 °C for the products of the enzymatic probing reactions. For the PEI analysis performed directly on the mRNA, the renaturation step of the enzymatic probing protocol was carried out with the inclusion of 1.5 pmoles of primer. IF2 protein purified as described in Mortensen et al. 1991) was added as indicated in Figs 5 and 6 and the mixture incubated for 10 min on ice. Reverse transcription was carried out in 50 mm Tris-HCl, pH 8.3, 40 mm KCl, 6 mm MgCl 2 , 5 mm dithioerythritol, 1 mm of dATP, dCTP, dGTP and dTTP, 15 U RNase inhibitor (RNAguard™ Amersham Biosciences) and 12 U M-Mulv reverse transcriptase (Roche) in a final volume of 10 µL. The reaction was allowed to proceed for 30 min at 37 °C before it was stopped by precipitation as described in preparation of mRNA. The pellets were dissolved in 14 µL load buffer (20 mm sodium citrate pH 5.5, 7 m urea, 1 mm EDTA, 0.02% xylene cyanol and 0.02% bromophenol blue). 5 µL was loaded on to a standard 6% polyacrylamide sequencing gel.
Dideoxysequencing reactions were carried out with the Thermo Sequenase cycle sequencing kit with 7-deaza-dGTP (Amersham Biosciences) using the same radiolabelled primer as was used for the PEI assays.
Computer analysis
Multiple sequence alignments of all currently public available bacterial infB sequences (55) were performed using the program Pileup implemented in the Wisconsin Package, version 10, Genetics Computer Group (GCG), University of Wisconsin, Madison, USA. RNA secondary structures were predicted using the Mfold and Plotfold programs also implemented in the GCG package. Plots of the A to T ratio were made with the Freak program implemented in the European Molecular Biology Open Software Suite (Emboss) package. A window of 50 nucleotides and an increment of 5 was used.
